Abstract-A dual-shutter MEMS variable optical attenuator (VOA) is designed for advanced tuning functions such as linear attenuation relationship and simultaneous coarse and fine tunings. The mechanism behind is to take advantage of the additional shutter to render one more degree of freedom for attenuation adjustment. Although dual-shutter VOAs with asymmetric functionalities have been reported before, these intrinsic capabilities owing to asymmetry have not been extensively investigated. In experiment, the fabricated VOA device has demonstrated a linear tuning over a 20-dB range with respect to the driving voltage of one shutter, and it has also realized simultaneously coarse tuning (2.5 dB/V) and fine tuning (0.1 dB/V) by the two shutters. Ideally, the tuning can start from any available working point, linear to any controlling parameter, at any slope of linearity, and with any tuning resolution. Theoretical attenuation model has also been developed to provide a roadmap for the VOA design and choice of working point. An interesting finding is that over a certain range the linear attenuation can be obtained by moving a fixed aperture rather than by reducing the aperture size, which greatly relaxes the difficulty of shutter position control. The measured results match well with the theoretical data, implying the possibility of developing a look-up table to locate the shutter positions quickly. The dual-shutter VOA accomplishes these features without the need of high-precision control systems and therefore gives a structure-based rather than a control-system-based solution, clearly advantageous over the previously developed VOAs.
I. INTRODUCTION
T HE variable optical attenuator (VOA) is a basic component for controlling the optical power in optical systems. It finds wide applications in lab equipment and particularly in optical networks to regulate the signal strength of different channels [1] . Microelectromechanical systems (MEMS) technology has attracted broad interest for developing the VOA devices owing to its potentials of fast control, compact size, low power consumption as well as better optical performance [2] , [3] . Over these years, many MEMS VOA designs have emerged based on the mechanisms of partially blocking the light using a shutter [4] - [10] (i.e., shutter-type VOAs) and steering away the light beam using a mirror [11] - [19] (i.e., mirror-type VOAs). Although other physical mechanisms have also been presented such as laser interference [20] , [21] , evanescent field coupling [22] and photoacoustic interaction [23] , the shutter-type and mirror-type VOAs have received most interest of research and commercialization due to easy implementation/integration and superior optical performance [24] . Among many specifications of the VOA, nearly all applications require low insertion loss , large attenuation range or even ), fast response speed , low wavelength dependent loss (WDL) and low polarization dependent loss (PDL). These specifications can be considered as the basic requirement. Most of the developed MEMS VOAs meet this requirement very well [4] - [19] . For the convenience of control and adjustment [25] , many applications further need linear attenuation relationship and high tuning resolution. This can be regarded as the advanced requirement. In this paper the terms "linear" and "nonlinear" refer to the relationship between the attenuation level (in dB, the unit is most commonly used in VOAs) and a controlling parameter (such as the voltage, mirror displacement, or rotation angle, etc.). If such advanced requirement is imposed, many of the developed VOAs will not perform satisfactorily. Typically, the shutter-type VOA utilizes a moving shutter to block the light propagation between two the fibers, but the attenuation change is nonlinear to the shutter position (i.e., movement) [4] - [8] . When the shutter starts to cut into the light beam from an open state, the attenuation rises up very slowly at the beginning, corresponding to high tuning resolution. But when most of the light beam is blocked, the attenuation goes up sharply with any further movement of the shutter, leading to low tuning resolution and even instability of controlling the shutter position. Some variations of the shutter-type VOAs employ a pair of shutters or even more shutters to block the light [9] , [10] , [26] . Most of them adopt a symmetric moving scheme like adjusting the aperture of cameras. Such symmetric-shutter VOA can reach high attenuation level quickly, but it has even worse nonlinearity since there is a singularity when the shutters meet to fully block the light path and thus the attenuation goes to infinity. Another design that has very similar configuration to the shutter-type VOA makes use of single or a pair of transparent silicon wedges to deflect the light beam away from the core of the output fiber [27] , [28] . It well suppresses the PDL, but still suffers from the nonlinear attenuation and low tuning resolution. In the mirror-type VOAs, most of the early work demonstrates nonlinear attenuation behavior to mirror translation (or rotation) regardless of the types of arrangement of the mirror and fibers [4] - [24] . To linearize the attenuation relationship, our group has recently proposed two VOA designs by changing the mirror shape to be elliptical and parabolic [29] , [30] . Linear attenuation over -range has been demonstrated. Nevertheless, such designs have complicated configuration and, thus, cause difficulty for packaging and production.
Among almost all the developed VOAs, the attenuation is dependent on only one parameter (typically, position or driving voltage of the mirror/shutter) and has only one degree of freedom. In such VOAs, it is contradictory to obtain the linear attenuation relationship and the fine tuning at the same time. Linear attenuation means the tuning resolution is fixed by the gradient of the linear relationship and thus does not allow for higher resolution. In addition, fine tuning means slow increase of attenuation and may not be desirable for sweeping the attenuation over a large range. Two approaches are used in an attempt to solve this problem. First, a more standard solution uses linear tuning over a specific range, with an asymmetric moving scheme alleviating the difficulty in control accuracy. Second, two control voltages are used to obtain a balance between high resolution and fast sweeping.
These simple ideas are integrated into an asymmetric dualshutter VOA design based on the control of two degrees of freedom as described in this paper. It is noted that although some earlier VOA designs adopted dual-shutters arrangement [9] , [10] , [26] and some of them may have asymmetric functionality [26] , most designs were used in a symmetric way, whereas the potential capabilities of asymmetric configurations have not been extensively investigated. The purpose of this paper is to analyze theoretically and experimentally how the inclusion of an additional shutter provides one more degree of freedom for the choices of the operating point, attenuation relationship and tuning resolution. This paper is organized to have the theoretical studies elaborated in Section II, covering the optical attenuation model and the tuning analyses. Fabrication and assembly will be discussed in Section III, followed by the experimental verification in Section IV.
II. DESIGN AND ANALYSIS

A. Attenuation Model of Asymmetric Dual-Shutter VOA
The configuration of the asymmetric dual-shutter VOA is shown in Fig. 1 . Two independently movable shutters are inserted into the gap between the input and output fibers. The tips of the shutters are deflected by certain degrees (typically 8 or 12 degrees) to allow their engagement of each other and also to reduce the back reflection [5] , [31] , because the direction of reflected light from the shaped shutters makes it difficult to be coupled back into the input fiber). The facets of input and output fibers are defined as and , respectively, while the plane of the shutters is . In this model, all these planes are parallel and share a common axis. Shutter positions are denoted by and (coordinates on the axis) in Fig. 1 , where the signs of and depends on whether the corresponding shutter is higher or lower than the axis. For single-mode fiber, the input beam is assumed to be a normalized Gaussian profile , which has a beam waist radius of in the plane. To calculate the coupling efficiency with respect to two shutter positions, the analytical method similar to our previous work in [32] is adopted. The field pattern in the shutter plane can be obtained by computing the Fresnel-Kirchhoff diffraction integral [33] ( 1) where is the wavelength, is the wavenumber, is the distance between the points considered, and is the inclination factor. As long as the planes and are not spaced too closely, it has and, thus, the integral can be worked out analytically. Then the field pattern in the plane can be calculated the same way by propagating to the plane at the output fiber facet. Finally, the coupling efficiency can be obtained by coupling into the output fiber by the mode overlap integral [34] as given by (2) where and are the input power and output power of the attenuator, respectively.
represents the complex conjugate of the normalized Gaussian profile . Based on (1) and (2), the coupling efficiency can be expressed with respect to the positions of two shutters as given by (3) where and indicate the shutter positions (see Fig. 1 ); and are dimensionless variables defined by and , respectively;
represents the initial loss given by ; and are the separation from the shutter plane to the input fiber facet and the output fiber facet, respectively (see Fig. 1) ; and are the waist radii after the Gaussian beam is propagated by distances of and , respectively; is the Rayleigh range; and Erf is the complex-variable error function defined by . In the derivation of (3), it is assumed that the two shutters are infinitely long in the direction; however, the shutter 1 is in the lower part of the direction while the shutter 2 in the high part. When the shutters are fully open (i.e., and ), the error functions converge to and 1, respectively, and, thus, is the insertion loss. The form of is exactly the same as the widely used formula of insertion loss in [35] (by taking and in [35, Eq. (34) ]). It well validates the effectiveness of (3). Compared with the results in [32] , (3) simplifies the insertion loss term and also arrives at a simple form.
Finally, the attenuation in dB, by definition, is determined by (4) For simplicity, in the rest of paper the positions of shutter 1 and shutter 2 will be represented by their tips' coordinates and in Fig. 1 , respectively. The calculated attenuation (in dB) as a function of positions of the shutters 1 and 2 is contoured in Fig. 2 (a), which exists only in a triangular region above the diagonal line . This is because the light path will be fully blocked and theoretically the attenuation goes to infinitely large if as represented by the shaded region in Fig. 2(a) . In the triangular region of , the attenuation is kept at the low level for and [top left corner in Fig. 2(b) ], i.e., the shutters are almost open to let most of the incident light pass through. In such low level region, the gradient is small, which allows for fine attenuation tuning. At the bottom left and top right corners of the triangular region, the attenuation increases rapidly and, thus, experiences high gradient (low tuning resolution). Such contour provides a roadmap for the choice of attenuation tuning scheme. Here the term attenuation tuning scheme means coordinating the movement of the two shutters ( and ) to obtain a certain tuning relationship. Two common tuning schemes (combination of and ) can be readily presented by curved loci (I and II) in the contour in Fig. 2(a) . The scheme I is for single-shutter tuning, i.e., the attenuation is tuned by only the shutter 1 ( from to ) while the shutter 2 is always kept open ( fixed at ). This actually represents the tuning relationship in many developed single-shutter VOAs [4] - [8] . The corresponding relation between attenuation and are plotted in Fig. 2 (b) by the curve I, which is quite flat at the beginning but then becomes steep. Such undesirable nonlinearity is because the tuning scheme I passes through the low-gradient region and then the high-gradient region as is read in Fig. 2(a) . The scheme II is for the symmetric-shutter tuning, i.e., the two shutters are positioned and moved symmetrically ( moves from ( 10, 10) to (0, 0)) so as to control the attenuation level by purely adjusting the size of the aperture (always in the center of light path), which is used in some studies [9] , [10] , [26] . It can be observed in Fig. 2 (a) that the scheme II is mostly in the low-gradient region, but experiences drastic gradient change when it moves close to the center of the graph. As verified in Fig. 2(b) , the corresponding (or ) relationship rises slowly but shoots up to within a small range when . Such nonlinearity results low tuning resolution and control instability. In Fig. 2(b) , the shaded region is inaccessible as limited by the single-shutter tuning. In the calculation, the VOA has , , . The parameters are the same as those of the fabricated VOA to be used in the experiment.
B. Analysis of Linear Tuning Schemes
In the analyses above, a straight locus of versus in the contour of Fig. 2(a) leads to a nonlinear attenuation tuning relationship in Fig. 2(b) . To obtain a linear tuning, the locus should be curved. The schemes III and IV represent two types of linear tuning relationships, in which the attenuation is linear to the shutter 1's position and the driving voltage, respectively. The linear tuning loci are calculated as follows. First, one control variable (shutter position or applied voltage) is selected. Then, the attenuation curve depending on this parameter is computed, assuming the second shutter is taken away from the light path. This curve determines the upper boundary of the attenuation when the second shutter cuts in. After this, on a segment (P-Q) of this attenuation curve computation is carried out for the position of the other shutter required to add extra light blocking to increase the attenuation value to the linear value. This approach works since the single-shutter attenuation curve is monotonically decreasing and strictly convex, which always requires the insertion of a second shutter to make it linear, and the computation is nothing but finding a root on of (3) and (4) with specified and . The choice of these two linear schemes as the examples is because in analysis it is easy to link the attenuation to the shutter 1 position [as given in (3)], while in most real applications the driving voltage is the directly controllable parameter. To compare these tuning schemes, the same initial and final states and from the scheme I are chosen as shown in Fig. 2(b) . For the state , it has and , while for it has and . The scheme III is a straight line in Fig. 2(b) as given by , here the start point , the slope , and the shutter 1's initial position and is implicitly a function of to achieve the linear relation. The scheme IV is given by , here , and and are the driving voltages to the actuators which control the positions of the shutters 1 and 2, respectively. The driving voltage is related to the shutter 1 position by the parabolic relation , here . Such a relationship is from the measured result of the comb drive actuator to be used in the experiment. Due to the parabolic relationship of and , the scheme IV is a parabolic curve in Fig. 2(b) . The loci of the schemes III and IV are both complicated curves; keeps increasing from to 7 , while moves back and forth so as to maintain a linear increase of the attenuation level. The actual relationship between the attenuation level and is plotted in Fig. 2(c) for both the schemes III and IV.
It is interesting to note in Fig. 2 (a) that both the loci for the schemes III and IV have linear segments inclined at nearly 45 degrees. It implies that when the attenuation increases, both shutters are practically moving at almost the same pace toward one direction, while the aperture size, which is defined to be , remains constant. To make it clear, the aperture size (i.e., ) as functions of attenuation is drawn in Fig. 3 for both the schemes III and IV. The aperture sizes of III and IV reduce with higher attenuation level but the sizes remain over the range of roughly 25-35 dB, before they increase again. This implies that higher attenuation is due to the movement of the aperture formed by the two shutters, rather than the sizes. The segment of constant aperture size is a useful property since the linear attenuation can be achieved by merely moving the aperture, rather than reducing the size. This fundamental feature of the dualshutter design may help eliminate the need for extreme narrow apertures and therefore complicated control systems, even when high attenuation is attempted. To demonstrate this advantage, let us consider achieving 1-dB resolution at 35-dB level, the linear tuning schemes III and IV needs both shutters to move at steps of 0. 36 , while the single-shutter scheme I needs 0.18 and the symmetric-shutter scheme needs 0.01
. The accuracy of shutter movement is thus relaxed by 2 to 30 times just by use of the linear tuning scheme. Meanwhile the aperture size is not required to be progressively smaller to obtain higher attenuation; instead it has a minimum value. It is 0. 35 for the scheme III and 0. 21 for the scheme IV. It should be emphasized that linearity here refers to only one shutter , for which the linear attenuation curve gives satisfactory resolution performance. The second shutter is designed to coordinate with to achieve this linearity. If strict moving accuracy is required for to maintain this linearity, the linear tuning becomes meaningless because the control difficulty is transferred from to . To prevent this possibility, the moving accuracy (or equivalently tuning resolution) of should be less restrictive compared to . The linear tuning is only found useful in such a case where attenuation changes relatively slowly with respect to and . This criterion is satisfied in the above example, since according to Fig. 3 the aperture size approaches a constant, meaning both shutters share the same moving accuracy.
Some diffracted beam patterns of the scheme IV are exemplified in Fig. 4 for three sets of the shutter positions, i.e., (a) , and correspondingly ; , and . For each case, the intensity distribution after the shutter plane (right after the light beam being chopped by the two shutters) is shown together with the corresponding intensity and phase distributions in the output plane on the output fiber facet. The phase is calculated with respect to the input fiber facet, where the phase is regarded as zero uniformly on the facet. It can be observed from Fig. 4 that the discontinuous beam chopped by the shutters is restored to a continuous beam pattern after being diffracted to the output plane; the intensity varies quite fast in the direction but the phase distribution is merely flat. With reduction of the aperture size, the field distribution is actually extended in the direction due to the thin slit diffraction.
The schemes I-IV serves just as the examples of the many ways to choose the tuning schemes. Since the dual-shutter design has two degrees of freedom to choose the shutters' positions, it is feasible to make the attenuation be linear to the other control parameters, which may have complicated relationship with the shutter movement (generated by other actuation meanings, thermal or piezoelectric actuators [7] ). In addition, the linear tuning can start from any point at any slope, only if the start and end points fall in the accessible region in Fig. 2(b) . This brings in one more flexibility to set the working condition of the dual-shutter VOAs.
C. Analysis of Tuning Resolution
Due to the asymmetry of the two shutters, it is possible to obtain coarse tuning and fine tuning in one device simultaneously since, for instance, moving the shutter 1 close to the beam center would obviously give low tuning resolution while keeping the shutter 2 away from the center gives high tuning resolution. Here the main objective is to find one pair of shutter positions (and the aperture position) so that the attenuation changes due to two shutters give an appropriate tuning contrast, such as 1:25. Meanwhile these two resolution values are neither too low nor too high (i.e., slow tuning) to be impractical. The tuning resolution of the two shutters can be described by (5) and the tuning contrast, which measures the ratio of two resolutions, can be defined as (6) In both definitions the variable is in unit of dB whereas the variables and are in unit of . Fig. 5 (a) illustrates for every possible combination of shutter positions ( is similar to and is, thus, not shown) and values of as a function of are plotted in Fig. 5(b) . Parameters in the model are the same as Fig. 2 . The former contour can be used to find out the operating points for coarse tuning (large ) or fine tuning with shutter 1 (small ), while the second is for locating a pair of shutter positions when coarse and fine tuning are realized by two shutters simultaneously. Here half of the plane is inaccessible since the shutter overlap is ignored as discussed above. For better visual effect, and are plotted in logarithmic scale. Due to exchangeability of and , the values of in Fig. 5(b) are replaced by if . The dark band in Fig. 5(a) corresponds to the local maximums in the calculated attenuations and thus has little practical significance. As can be expected from Fig. 2 , the resolution can go up to 0.1 if the shutters are in the low gradient region in Fig. 2(a), i. e., high resolution at the low attenuation level. One can also read from Fig. 5(b) that the tuning contrast is 1 when (symmetric configuration), but can be easily increased to the level of 10 if an asymmetric arrangement is allowed. For example, gives , i.e., 11 times difference of tuning effects by two shutters, and hence they can be used for fine and coarse tuning, respectively. In fact, high tuning contrast can be achieved if both the shutters lie in the same side, which corresponds to the high gradient regions in Fig. 2(a) . That is to say, an off-axis aperture appears to be critical for satisfactory performance in both the resolution and tuning contrast for the dual-shutter design.
In practice, sometimes it is more convenient to use the resolution's dependence on the driving voltage. In this aspect, the actuator characteristic has to be taken into account. If the actuator is an electrostatic comb drive for which has a quadratic form as discussed above, the contrast with respect to driving voltage is given by (7) If has typical values of 1-5 and the required value of is assumed to be 10 to 30, the desired contrast value is estimated to be only 2 to 6. As can be seen from Fig. 5(b) , this requirement can be met easily by the dual-shutter design. In this aspect, the position control of the shutters is further relaxed. Although the actual feasibility and effectiveness of the VOA device are also strongly dependent on the repeatability of actuators, Fig. 5(b) provides an important roadmap for the selection of working points at which a satisfactory tuning contrast is available.
III. FABRICATION AND ASSEMBLY
Based on previous analysis, an asymmetric dual-shutter VOA has been designed and fabricated by a two-mask process. Overview of the assembled device as well as the close-up of the shutter part is shown in Fig. 6 . In the actuator design, each shutter is driven by a pair of bidirectional comb drives so as to allow it to move both forward and backward for easy adjustment of the initial working condition. The mechanical structures are designed for translation of 22 in both directions with a maximal applied voltage of 10.5 V. The shutter-tips are deflected by 8 degrees, to avoid light being reflected back to the input fiber. The shutter's thickness and length of the deflected part are 5 and 46 , respectively. When they begin to engage each other, the tips are still separated by 4 in the direction to avoid being stuck to each other. The device is fabricated on an 8-in SOI wafer with a 100-device layer and a 2-buried oxide layer. In the first step, a PVD aluminum layer is patterned and etched to form the electrodes, after which the structures including the comb drives, the shutters and the fiber trenches are patterned and etched by DRIE method in one step. Movable structures are then released by wet etching. Finally, the shutter part is coated with 200 nm aluminum to block the light. The fiber grooves are designed such that the spacing between the assembled input and output fibers are separated to be 57
, and the shutter plane is equidistant to both fibers facets. The design of fiber gap is to provide enough space to accommodate two freely moving shutters so that they do not stick to the fixed structure. The fiber stoppers on both sides of the gap are designed to avoid breaking the shutters unintentionally during the assembly [see Fig. 6(b) ]. Single-mode fibers (outer diameter 125 and beam waist 5.2 ) are assembled onto the fabricated chip using UV epoxy, and then the whole device is packaged into a butterfly box. Since the depth of the fiber grooves is 100 , the fiber core is below the top surface of the device after the assembly. According to the calculation above, the stray light passing through the top of the shutters is negligible in moderate attenuation levels.
IV. EXPERIMENT RESULTS
In order to have a direct comparison between theory and experiment, performance of the comb drives is first examined. Since totally four comb drives are involved for the bidirectional movement of the two shutters, their electrostatic coupling can be serious enough to induce unwanted movement or vibration of the structure, resulting in jittering, leap and mutual attraction of shutters. These phenomena, however, can be suppressed by grounding all suspended electrodes. Static behavior of the comb drives is found to be well fitted by a quadratic relationship , with the linear fitting ratio for all the actuators on the device in experiment. The ratio is for all the four comb drives. With this movement quality, the actuation behavior of comb drives can be used with confidence for the verification of the attenuation model in Section II. In experiment, it is more convenient to monitor the driving voltage than the actual shutter position.
A. Single-Shutter Tuning Scheme
The single-shutter tuning (i.e., the scheme I) is measured to examine the validity the physical model. It is realized by withdrawing one shutter far away from the light beam. As shown in Fig. 7 , the experimental results agree well with the calculation up to the attenuation level of 43.9 dB. Over this tuning range, measured attenuation is slightly higher than the prediction by an almost constant discrepancy of . This discrepancy may result from some additional losses not included in the calculation model. In particular, insertion loss of the device is 1.2 dB, a bit higher than the predicted value of 1.0 dB. When the attenuation reaches 43.9 dB, however, the measured attenuation begins to deviate from the prediction and is clamped at 44.5 dB. This phenomenon strongly implies that a constant amount of stray light, which comprises approximately 0.01% of the input, can always be coupled into the output fiber and is unaffected by the moving shutter. It is to be noted that this 'saturated' attenuation value does not represent the largest tuning range achievable of the device. The highest attenuation rate is attained in the symmetric-moving scheme, which is realized by applying the same voltage on both shutters. It can go up to (the sensitivity of the optical power-meter is ). The large discrepancy between the blocking effects of single-and dual-shutter moving scheme is because in this design one single shutter is only able to move 22 . This distance does not suffice to totally block the coupling between the input and output side, considering the whole area around the fiber gap is coated with reflective metal due to the use of shadow mask. The blocking of two shutters is much better since both tips can engage. Since very large attenuation range is not the primary target of this study, this is not further investigated.
B. Linear Tuning Scheme
The linear tuning performance (i.e., the scheme IV) of the device is also tested. For convenience of explanation, the shutter 1 is chosen as the main shutter, whose driving voltage is to have a linear relationship with the attenuation, while the shutter 2 is as the auxiliary shutter. For easy demonstration, we choose an attenuation range from 1.2 to 20.7 dB, which corresponds to a driving voltage from 0.0 to 7.4 V. In experiment two methods can be used to realize the linear tuning function since three variable are involved (i.e., , and ). The first method is similar to that in calculation. For a targeted linear attenuation-voltage relation, the shutter 1 is positioned according to the calculation while the shutter 2 is moved back and forth until the desired attenuation is obtained. The resultant voltage of the shutter 2 is then recorded and compared with the values from the calculation model. In other words, this method gives and to test . The second method is by use of a look-up table of the required voltages calculated from the models. The voltages are then directly applied to the comb drives. The obtained attenuation is then compared with a linear one. That is, it gives and to test . The obtained data for these two methods are shown in Fig. 8(a) and (b) , respectively. One can see from Fig. 8(a) that the measured voltages of the shutter 2 are larger than the calculated by less than 1 V, which suggests that slightly more light is coupled into the output fiber and an extra movement of the shutter 2 is required to balance it. Since the discrepancy seems to be independent of shutter positions, we believe that the unaccounted light coupling is through the spray light on top or beneath the shutters. The detailed reason is however still unclear.
The measured attenuation curve obtained by the look-up table method is shown in Fig. 8(b) . It is seen that the attenuation level develops with satisfactory linearity up to the voltage of 4.6 V, after which the attenuation curve is higher than simulation by approximately 1.5 dB. It is noticed that is the point at which shutter 2 begins to move backward, as shown in Fig. 8(a) . Therefore, the shutter structure becomes a bit closer to the center than expected when it is drawn back due to the residual stress of the structure, resulting in less effective obstruction of the light path, which explains the attenuation shift beyond . It is noted that this behavior of attenuation after 4.6 V is not evident in Fig. 8(a) . Actually from the same argument as above one may have concluded that the measured should be lower than the calculation when so as to reduce the attenuation to a required value as implied by Fig. 8(b) .
The measured resolution performance of the device obtained by moving two shutters is illustrated in Fig. 9(a) and (b) . The attenuation level is chosen to be 11.1 dB, and the shutter positions are and , corresponding to the driving voltage of 6.6 and 2.5 V, respectively. Hence, the shutter 1 is for fine tuning [ Fig. 9(b) ] while the shutter 2 for coarse tuning [ Fig. 9(a) ]. At this working point, the applied voltages are changed over a small range ) while the atten- uation shift is examined. In Fig. 9 (a) and (b), two different resolutions 2.5 and 0.1 dB/V are realized simultaneously. This represents a tuning resolution contrast of 25 times, which appears to be suitable for practical use. It is seen that the attenuation can be easily tuned by steps as small as 0.1 dB (i.e., fine tuning). In Fig. 9(a) , the measured local attenuation curve (and therefore the resolution) is well approximated by the calculated values within the small region considered, while in Fig. 9 (b) such fitting is less satisfactory due to the small scales. Since the required working point for a given resolution contrast differs from the attenuation level, the calculation model can be used to choose the appropriate shutter positions. It is worth noting that sensitivity of attenuation value with respect to two shutters' movement is strongly dependent on their positions, i.e., the working point selected. When the coarse tuning shutter is moved by a large step, however, the attenuation varies steeply and the original working point is lost and a new working point has to be set to maintain a desirable tuning contrast (simultaneous fine and coarse tuning). The range over which the coarse tuning shutter is allowed to move without the need to change to a new working point can be estimated from calculating the change of resolution with respect to . In the current case from and , there are and . Hence, if we stipulate that the tuning contrast in (6) should drift less than two times from the current value during the coarse tuning, the maximal attenuation change can be estimated as (8) A tuning range of approximately 3.3 dB can be obtained by coarse tuning at the 11.1-dB level, without resetting the working point.
C. WDL, PDL and Dynamic Response
Some other properties of the dual-shutter VOA are also characterized, such as the WDL, PDL and response speed. The WDL and PDL cannot be measured in a regular way due to two tuning variables involved here. Their absolute values are strongly dependent on the positions of both shutters. Since the same level of attenuation can be realized by many combinations of two shutter positions (i.e., different aperture position and corresponding aperture size), the WDL could be very different. To investigate this aperture effect, the WDL at a nominal 25-dB level is measured as shown in Fig. 10 . In measurement, the size and position of aperture are varied but the attenuation at 1550 nm is kept unchanged. From Fig. 10 , it is interesting to see that the attenuation oscillates over the whole wavelength range when the aperture is moved away from the center. For some particular wavelength such as 1580 nm, the attenuation is simply independent of the aperture position (the independence at 1550 nm is because it is chosen as the reference). In contrast, at several wavelengths such as 1570 and 1600 nm, the attenuation changes sharply from a local maximum to a local minimum with the shift of the aperture. The reason of this phenomenon is still not clear. Regarding to the influence of the aperture position, it can be seen from Fig. 10 that the fluctuation is alleviated when the aperture is close to the beam center, leading to reduced wavelength dependence. The lowest PDL of this device is 0.8 dB at the 25 dB level over the wavelength range of 1520-1620 nm. Polarization dependence of the attenuation is measured with a deterministic method introduced by [36] and also turns out to be a function of shutter positions even at the same attenuation level. However, its actual dependence on aperture position exhibits no special behavior. The attenuation variation on polarization is measured to be 1.0 dB at the 25-dB level. Finally, the response time of the packaged device is also measured. The response of attenuation to a step voltage signal is shown on Fig. 11 . The rise time (10%-90%) and fall time (90%-10%) of the optical power are shown to be 34 and 40 , respectively. Though the operating speed is not the key consideration of this VOA design, its performance surpasses many reported structures utilizing rotation or thermal effects [13] .
V. CONCLUSION
A dual-shutter MEMS variable optical attenuator (VOA) is presented for advanced tuning functions such as linear attenuation relationship and ultra-fine tuning. The key feature is the inclusion of an additional shutter, which provides two degrees of freedom (DOF) for the choice of attenuation relationship in comparison to the previous one-DOF VOAs. In experiment, the VOA fabricated on a SOI wafer has an attenuation range of 43.9 dB if only one shutter is used and when two shutters are used. The insertion loss is 1.2 dB. Linear attenuation with respect to the driving voltage of one shutter is demonstrated over 20-dB range. Meanwhile, two shutters serve as the coarsetuning arm (2.5 dB/V) and the fine-tuning arm (0.1 dB/V) are also exemplified. Reasonable agreement between experiment and theory shows that the calculation model can potentially be developed into a look-up table to set up the shutter configuration quickly.
